S yStemic control of metastatic renal cell carcinoma (mRCC) has substantially improved following the development of antiangiogenic tyrosine kinase inhibitors (TKIs).
Among patients with RCC, the most common sites of metastasis are the lungs, bone, liver, and brain. 12, 14 RCC is a classically radioresistant tumor, and higher doses of radiation are generally required for palliation and local control. 3, 19, 26, 27 For patients with metastases to the spine, stereotactic radiosurgery (SRS) offers palliation, prophylaxis against neurological compromise, and may be used to delay the initiation of systemic therapy. Several institutions have recently reported outcomes following radiotherapy with concurrent or adjuvant targeted therapies, hypothesizing that these agents may improve local control of treated sites. 1, 10, 24, 25, 28 Such improved efficacy may prolong the time to salvage therapies, including whole-brain radiation therapy or second-line systemic therapy. 1, 25 In murine and in vitro models, TKIs have been shown to potentiate the response to radiation. 13, 23, 30 With fewer adverse effects than cytokine therapies, TKIs are attractive agents for concurrent administration with SRS.
Although uncontrolled outcomes following SRS with concurrent TKI treatment have been reported, no comparative outcomes exist, and the safety and efficacy of concurrent therapy remains unclear. 1, 10, 24, 25, 28 It is unknown whether these favorable outcomes are attributable to TKIs alone, SRS alone, or concurrent therapy. Therefore, we sought to compare local control of spinal metastases treated with SRS and TKIs, stratifying by failure of prior systemic therapy. We hypothesized that patients undergoing SRS with concurrent first-line TKI therapy achieve superior local control compared with therapy-naïve patients, those in whom first-line systemic therapy has failed, and those treated with TKIs alone.
Methods

Patient Selection
An institutional review board-approved database was retrospectively queried for all patients who underwent spine SRS for mRCC between 2006 and 2015. SRS was indicated for alleviation of pain or neurological deficit or for local control of disease. Patients with emergent spinal instability, rapidly progressive neurological deficit, and less than 1 month of follow-up were excluded. Patients undergoing SRS were divided into 4 cohorts: those receiving concurrent first-line TKI therapy (A), systemic therapynaïve patients (B), and undergoing SRS with (C) or without (D) concurrent TKI therapy after failure of first-line TKI therapy. Patients were stratified to evaluate the effect of TKI-resistant and TKI-susceptible biology. Concurrent therapy was defined as TKIs administered on the day of SRS. Cohorts A-D were compared against a cohort (E) of patients with new or progressive spinal metastases managed with first-line TKI therapy alone; this cohort served as a negative control.
Spine SrS
SRS was conducted as described previously. 3 Briefly, planning used CT simulation with 1.5-mm slice thickness and high-definition MRI. Fusion of image sets was performed in BrainScan or iPlan software (BrainLab) or MIM (MIM Software Inc.). Target volumes were contoured according to RTOG 0631. 20, 21 The spinal cord or cauda equina planning risk volume was contoured approximately 3 mm above and below the target volume. The spinal cord volume was constrained to V 10 < 10% and a maximum point dose of 14 Gy for single-fraction SRS; the cauda equina was constrained to V 12 < 10% and a maximum point dose of 16 Gy. Single-fraction prescription doses ranged from 10 to 18 Gy, while hypofractionated regimens included 21 or 24 Gy in 3 fractions. Image guidance was achieved with cone-beam CT and/or the ExacTrac system (BrainLab). At 4-8 weeks following SRS, patients were evaluated in the clinic with spinal MRI, and then followed every 3 months thereafter. Patients experiencing a transient increase in pain within 10 days of SRS were considered to have pain flare.
local control and Statistical analysis
The primary outcome was the 12-month cumulative incidence of local failure, which was assessed every 3 months with spinal MRI and calculated from the date of SRS (Cohorts A-D) or initiation of TKI therapy (Cohort E). Lesions demonstrating any in-field progression as evaluated by neuroradiologists were considered to represent local failure, regardless of post-SRS TKI cessation or initiation. This practice was standard throughout the study period. In Cohort E, local failure was only considered for progression of spine metastases present at the time of TKI initiation. Failures were categorized according to anatomical site (vertebral body, posterior elements, epidural space, neural foramen, and paraspinal tissues). Differences in demographic, disease, and dosimetric characteristics among cohorts were compared with Fisher's exact tests, Wilcoxon rank-sum tests, or ANOVA. Kaplan-Meier analysis was used to determine unadjusted overall survival, while cumulative incidence analysis was used to determine unadjusted local failure. Differences in overall survival and local failure were compared using log-rank and Gray's tests, respectively. Multivariate competing risks regression was used to control for the following covariates with death as a competing risk: performance status, symptomatology, systemic disease status, spinal disease burden, treatment-site location, number of treated vertebrae, epidural disease, neural foraminal involvement, paraspinal extension, prior irradiation, prior surgery, vertebral body fracture, and lesion maximum diameter. Covariates demonstrating association (p ≤ 0.10) with local failure on univariate analysis were evaluated in a multivariate model. Covariate inclusion into the final multivariate model required p ≤ 0.10. Analyses were conducted using the R statistical software package (R Core Team 2015, R Foundation for Statistical Computing).
results
Patient and treatment-Site characteristics
Among 854 SRS treatments (577 patients) in our institutional database, 151 treatments (100 patients) for mRCC were eligible for inclusion; 19 SRS treatments for mRCC were excluded because of follow-up duration of less than 1 month. Patient characteristics at the time of SRS are presented in Table 1 . At the time of SRS, 70 patients (46%) were receiving concurrent TKI treatment (Cohorts A and Table 2 . A total of 232 vertebral levels were irradiated among 151 SRS treatments. The maximum number of treated vertebrae was 6. Epidural disease was most common among patients receiving first-line TKIs concurrently with SRS (Cohort A, 96%, p = 0.08). A greater proportion of therapy-naïve patients (Cohort B) were treated for local control alone (32%, p = 0.03). Dosimetric parameters are reported in Table 3 . The median prescription dose was 16 Gy in a single fraction in each cohort. Two sites (1%) were treated with a hypofractionated regimen (21 or 24 Gy in 3 fractions). Target volumes were slightly larger among therapy-naïve patients (p < 0.01). Maximum tumor diameter was smallest among patients in Cohort E (p < 0.01). Median treatment volume coverage was 93%-94% in each cohort (p = 0.68).
SrS outcomes
The cumulative incidence of local failure, sites of failure, and adverse events following SRS are presented in Table 4 . At 12 months, the cumulative incidence of local failure was lowest (4%) among patients treated with concurrent first-line TKI therapy (Cohort A, Fig. 1 , p < 0.01). Twelve-month local failure was highest (57%) among patients treated with TKIs alone (Cohort E). Local failure rates in Cohorts B (20%), C (27%), and D (19%) were intermediate. Salvage surgery (0%-8%) and irradiation (4%-16%) were uncommon after SRS.
Adverse events following SRS were relatively modest. The combined incidence of pain flare was 17%, which was similar across Cohorts A-D (p = 0.42), as was the incidence of post-SRS vertebral fracture (21%, p = 0.76). One patient in Cohort D experienced Grade 3 acute nausea/ vomiting after being treated simultaneously at 2 separate sites without a TKI. No other toxicity of Grade 3 or greater occurred following SRS. Multivariate competing risks regression was conducted to adjust for differences among cohorts (Table 5) . Several independent predictors of local failure were identified. Concurrent first-line TKI treatment (Cohort A) remained independently predictive of superior local control (HR 0.21, p = 0.04), while patients treated with TKIs alone (Cohort E) had the highest rate of local failure (HR 2.43, p = 0.03). Patients with multilevel disease experienced a higher rate of failure relative to single-level disease (HR 1.91, p = 0.02), whereas patients with solitary metastases (HR 0.35, p = 0.04) had a lower rate of local failure.
Discussion
Many patients with mRCC receive TKIs shortly before, during, or after radiotherapy. Although there are reports of radiation dermatitis, bowel toxicities, and pneumonitis, TKIs are generally well tolerated when delivered with radiation. 2, 5, 8, 18, 29 However, the safety and efficacy of concurrent therapy remains particularly unknown despite a growing utilization of SRS in the mRCC patient population. Several investigators have postulated that TKIs offer an added benefit when delivered concurrently with radiation, extrapolating from preclinical models and the radiobiology of SRS. 1, 10, 25, 28 Because the interaction between targeted agents and radiation is poorly understood, clinicians may be hesitant to initiate TKIs until after completion of radiotherapy. Moreover, patients with solitary metastases and oligometastases are commonly managed with observation or SRS alone until development of greater disease burden. This population may benefit from up-front aggressive concurrent therapy.
In the present investigation, 151 spinal disease sites were treated with SRS at 232 vertebral levels. We compared local failure among cohorts of patients treated with or without concurrent TKI therapy, stratifying patients by failure of first-line therapy. To control for the independent effect of first-line TKI therapy, an additional cohort of patients who received TKIs without SRS served as a control group. We hypothesized that patients undergoing SRS with concurrent first-line TKI therapy achieve supe- rior local control compared with other cohorts. Following multivariate analysis, a local control benefit was observed in support of this hypothesis (HR 0.21, p = 0.04, Fig. 1 ).
Prior literature
Several investigations have reported noncomparative outcomes following stereotactic radiation with concurrent or adjuvant TKI administration. To our knowledge, no comparisons to SRS alone or TKI therapy alone have been reported, limiting the ability to interpret the results of these studies. In a retrospective study published in 2010, Staehler et al. 24 analyzed outcomes for 106 patients with spinal (55 cases) or brain (51 cases) RCC metastases treated with SRS and concurrent sorafenib or sunitinib. The overall 15-month local control rate was 98%; for spinal lesions, the 12-and 24-month local control rates were 94% and 90%. Competing risks were not considered when estimating local failure. No SRS-related toxicities of Grade 3 or greater were observed. In 2014, Kao et al. 10 reported outcomes for 46 patients treated with concurrent sunitinib and fractionated stereotactic body radiotherapy (SBRT) for oligometastatic disease in a single-arm Phase I/II trial. No control cohort was used. All disease histologies and extracranial treatment sites were eligible, and only 7 patients (15%) had mRCC. (11) 5 (11) 3 (7) 16 (37) Posterior elements 0 (0) 2 (5) 3 (7) 2 (5) 14 (33) Paraspinal 0 (0) 3 (8) 3 (7) 3 (7) 13 ( (20) 8 (22) 7 (16) 6 (14) NA Vertebral fracture † 6 (27) 10 (27) 8 (18) 6 (14) NA Grade ≥3 toxicity
* Data are presented as number (%) unless otherwise indicated. Subtotals may exceed 100% if treatment sites had, e.g., multiple sites of failure. For cohort definitions, see Table 1 footnote or Methods. † New or progressed fracture. The actuarial 2-year local control rate was 75%. No SBRTassociated toxicities of Grade 3 or greater occurred; however, 1 case of fatal hemoptysis occurred after sunitinib initiation in a patient previously treated with head and neck radiation. Following SBRT, 33% of patients experienced 1 or more toxicities of Grade 3 or greater attributed to sunitinib.
In the present investigation, the cumulative incidence of 12-month local failure (4%) in Cohort A was similar to that observed by Staehler et al. (6%) . In comparison, local control for mRCC spine metastases treated with singlefraction SRS has been reported to be 71% at 12 months. 3 The present investigation controlled for differences in demographics, prior local therapy, and systemic and spinal disease burden in an effort to identify the independent effect of concurrent first-line TKI treatment upon SRS. In this cohort, no patient with solitary metastases or oligometastases experienced local failure. Notably, this response was not observed for patients who underwent SRS after failure of first-line therapy despite receiving concurrent TKI therapy (Cohort C). This may relate to the biology of TKI-resistant metastases and suggests that TKIs may not improve the efficacy of SRS in this setting.
Patients in Cohort A achieved superior local control (HR 0.21, p = 0.04) compared with therapy-naïve patients (Cohort B), despite a lower proportion of solitary metastases (8% vs 24%). For patients with solitary metastases, treatment may be curative, with multivariate analysis demonstrating a favorable response to SRS (HR 0.35, p = 0.04). However, we did consider that the local control benefit observed in Cohort A was attributable to first-line TKI treatment alone. In an effort to study this effect, a control cohort of patients with new or progressive spinal metastases managed with first-line TKIs was included (Cohort E). This cohort, albeit with a greater number of treated metastases, demonstrated the highest local failure rate (HR 2.43, p = 0.03), suggesting that SRS does indeed offer a benefit beyond first-line TKI treatment alone. This is supported by the fact that the observed 12-month local control rate in Cohort E (43%) is similar to the progression-free survival rate (25%) observed in a large randomized trial comparing first-line sunitinib to interferon-alfa. 17 Although control of spinal disease certainly differs from control of systemic disease, these data suggest that the control cohort approximates the expected benefit of systemic therapy alone. Consequently, the addition of concurrent first-line TKI therapy to SRS in the oligometastatic setting could result in a progression-free survival benefit and would warrant further study. Indeed, the 24-month local control rate among patients with solitary metastases or oligometastases in Cohort A was 100%, compared with 75% in Cohort B and 20% in Cohort E (p < 0.01).
Crossover among cohorts following SRS would certainly occur in this population. In particular, therapy-naïve patients would eventually undergo systemic therapy and receive TKIs. TKIs may offer a benefit as adjuvant treatment following radiation, and therefore this cohort biases our results toward the null hypothesis. Furthermore, patients managed with TKIs alone (Cohort E) may eventually undergo spinal radiotherapy, further biasing these results toward the null. Therefore, the presence of crossover strengthens our findings and suggests that concurrent TKI treatment does indeed offer an added benefit. These results are perhaps explained by the antiangiogenic mechanism of TKIs in light of the current understanding of hypofractionated radiotherapy and its effect on vasculature. 4 Moreover, the added benefit of TKIs may eliminate the need for SRS dose-escalation beyond 20 Gy, which is associated with a significantly increased risk for compression fracture and toxicity of Grade 3 or greater. 7, 22 Although significant differences in favorable and unfavorable characteristics were present among our cohorts, patients in Cohort A did not have characteristics that would traditionally favor superior local control. A relatively high prevalence of diffuse spinal disease (36%) was present, and several treatment sites (16%) involved treatment of more than 2 vertebral levels. Moreover, Cohort A had the highest prevalence of epidural disease (96%, p = 0.08), a known risk factor for local failure. 6, 11 Importantly, the use of concurrent TKI therapy with SRS was not associated with an increased risk for toxicity. One patient not receiving a TKI suffered from acute Grade 3 nausea and vomiting. No other patient experienced toxicity of Grade 3 or greater attributable to SRS. In addition, the rates of pain flare and vertebral fracture were not significantly elevated among patients receiving concurrent SRS and TKI therapy and were comparable to rates previously reported in the literature. 9, 22 limitations Several limitations must be considered when interpreting these results. Although patients receiving first-line TKI therapy experienced a benefit with regard to local control (Cohort A), this was not true for patients who were treated after failure of first-line therapy despite receiving TKIs concurrently with SRS (Cohort C). This observation suggests that metastatic disease refractory to first-line therapy responds similarly to SRS, even in the presence of a TKI. It is possible that these observations result from either downregulation or differential expression of VEGF receptors among TKI-sensitive and TKI-resistant patients.
As a retrospective investigation, these results are subject to selection and measurement biases. In an effort to address this, 4 control cohorts were used to test our hypothesis, and consecutive patients were included. Moreover, SRS planning and delivery across treatment sites were extremely uniform. A further limitation is the difference in survival among cohorts: this limits the opportunity to draw longterm conclusions regarding efficacy of therapy.
Utilization of controls distinguishes the present study from prior investigations, which have generally been single-arm retrospective or prospective investigations evaluating toxicity and feasibility rather than efficacy. Although certain characteristics differed among cohorts, an effort to control for confounding differences was made with multivariate analysis. Both unadjusted and adjusted analyses supported the research hypothesis.
conclusions
The prognosis for patients with mRCC has significantly improved with the development of small-molecule TKIs. As the prevalence of this disease increases, the demand for radiation therapy similarly increases in an effort to alleviate symptoms and delay second-line therapy. Although intended to control systemic disease, TKIs may offer an added local control benefit when delivered concurrently with radiation. In the present investigation, we observed a significant and independent local control benefit with the addition of first-line TKIs to spine SRS. These results have implications in the oligometastatic setting and offer clinical evidence to support a growing body of radiobiological research for the utilization of small-molecule TKIs concurrently with high-dose, hypofractionated radiotherapy.
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